We investigated the source of fungi in the lungs of patients with hematological malignancies who had invasive pulmonary fungal infections (IPFI). We also conducted a prospective study to evaluate the efficacy of different mouthwash solutions in preventing IPFI in patients with hematologic malignancies. In order to determine the source of fungi in the lungs of 30 patients with hematologic malignancies who had IPFI, we collected samples from sites with suspected fungal infection and used PCR and sequencing for pathogen identification. For the prospective study, we enrolled 158 patients with hematological malignancies who had IPFI and randomly assigned them to one of three mouthwash groups: 1% nystatin, 2.5% sodium bicarbonate, or normal saline. Fungal staining and incidence of IPFI, oral fungal infection, and intestinal fungal infection were evaluated. We showed that 96.7% of the fungi isolated from the throats and the lungs were identical; 76.9% of the fungi from the lungs and digestive tracts were identical and, 84.6 % of the fungi from the throats and digestive tract were identical. Patients using 1% nystatin had lower incidence of IPFI (1.6%) and fungal enteritis (1.6%) than those using sodium bicarbonate (16.3% and 14.3%) or normal saline (27.7% and 12.8%). All treatments had low incidences of oral fungal infections (0 to 4.3%). Our data showed that fungi originating from mouth and throat cause IPFI. We also showed that use of a prophylactic mouthwash containing 1% nystatin was effective in preventing IPFI in patients with hematological malignancies.
As high-dose chemotherapies have been widely applied in recent years, in patients with such hematologic malignancies as leukemia, malignant lymphoma, multiple myeloma, and myelodysplastic syndrome have suffered an increasing incidence of fungal infections. One of the most common fungal infections is invasive pulmonary fungal infection (IPFI), which is an important cause of death in patients with hematologic malignancies [1] [2] [3] [4] [5] . These patients have inhibited immune function after receiveing radiotherapy and/or chemotherapy. These conditions allow fungi in the mouth to migrate to the lower respiratory tract, which results in fungal infection. We previously showed that risk factors for IPFI include number of days of hospitalization, history of IPFI, number of antibiotics used, sepsis and hypoalbuminemia [6] . Theoretically, the fungi from the lung and throat have sequence homology in IPFI patients, though this homology has not been confirmed in prior published reports. Pretreatment with mouthwash containing appropriate drugs may reduce the fungi in the throat, decreasing the incidence of IPFI. Prophylaxis treatment with antifungals including fluconazole, voriconazole, and posaconazole is recommended [2] , but the wide application of these agents is limited by their inevitable side effects, drug interactions, and high costs [7] [8] [9] [10] .
In China, some physicians have attempted to prevent respiratory tract infections by using sodium bicarbonate mouthwash and airway humidification solutions, though conflicting reports of clinical efficacy have emerged [11] [12] [13] [14] . Another possibility is nystatin, which is a broad-spectrum antifungal agent that is effective when focally administered in ointment and lozenge and when used for prevention with nystatin mouthwash [15] [16] [17] . When patients receiving hematopoietic stem cell transplantation were given amphotericin B or nystatin mouthwash prophylactically, fungi in the throat were markedly reduced, and nystatin had superior taste and patient compliance compared with amphotericin B [18] . Our present study determined the source of fungi in the lung through PCR sequence analyses, and conducted a prospective clinical trial to compare the efficacy of prophylaxis to prevent IPFI through mouthwash solutions with normal saline, 2.5% sodium bicarbonate, or 1% nystatin in normal saline.
Materials and methods
Fungi detection. We recruited 30 IPFI in patients with hematologic malignancies from the Affiliated Union Hospital of Fujian Medical University between August 2010 and January 2011. The patients included 16 men and 14 women, and had a median age of 55 years (range: 19-81 years). The hematological malignancies were acute leukemia in 13 patients, lymphoma in 9, multiple myeloma in 5, myelodysplastic syndrome in 2, and chronic leukemia in 1.
A total of 75 samples were collected from sites with suspected fungal infections and found to be clinically positive for fungi, including throat swab samples (n = 30), sputum samples (n = 30), feces samples (n = 13), a blood sample (n = 1), and a nasal secretion sample (n = 1). Notably, one feces sample and one blood sample were missing, so a total of 73 samples were amplified by PCR and sequenced. The single colonies were collected from positive samples and were cultured at 30°C for one to two days in Sabouraud's medium, a single colony was collected again in 6 mL Sabouraud's liquid medium, cultured one to two days at 30°C with continuous shaking, and then centrifuged at 4000 g for 2 minutes. The supernatant was removed, and the fungi were collected and weighed.
The fungal DNA was extracted with the E.Z.N.A.® Fungal DNA Mini Kit (Omega Bio-tek, Inc., Norcross, GA) by mixing 100 mg of fungi, 600 µL FG1 buffer, and 500 mg glass beads with a diameter of 425-600 µm (Sigma, St. Louis, MO). Then, the mix was intensively vortexed for 30 minutes until the solution was clear, and subsequent procedures were carried out according to the manufacturer's instructions.
The 26s rDNA internal transcribed spacer (ITS) sequence of the fungi was PCR amplified using the Fungi Identification PCR Kit (Code No.D317; TaKaRa Bio Inc., Shiga, Japan). PCR amplification was performed for strain/species identification and PCR products were identified after electrophoresis of 5 µL of the products on a 3% agarose gel. The PCR products were recycled with the Agarose Gel DNA Purification Kit Ver.2.0 (Code No. DV805A; TaKaRa). The sequence of the 26S rDNA ITS was determined with the BigDye Terminator V3.1 Cycle Sequencing Kit (Invitrogen, Carlsbad, CA), and the data was analyzed with the Sequencer 4.8 software. The fungal strains were identified by comparing the sequences of the fungal DNA to those in the National Center of Biotechnology Information.
Prospective clinical trial. The clinical trial was approved by the ethical review board of the Affiliated Union Hospital of Fujian Medical University before any patients enrolled, and informed consent was obtained from the patients. Patients could be enrolled in the study if they did not receive hematopoietic stem cell transplantation but had hematologic malignancies including acute leukemia, chronic leukemia, lymphoma, multiple myeloma and myelodysplastic syndrome; they were hospitalized in the Department of Hematology of Affiliated Union Hospital of Fujian Medical University between 1 January 2010 and 31 December 2010; they were not transferred from another hospital or other departments of the Affiliated Union Hospital; they had no history of IPFI; and their expected hospital stay was longer than 9 days. Patients were excluded from the study if they were diagnosed with IPFI within 48 h after admission (1); their hospital stay was ≤8 days; they were administered mouthwash for less than 8 days; they were also administered oral or venous anti-fungal agents to prevent fungal infections; or they were not compliant to the treatment.
The enrolled patients were randomly assigned to one of three mouthwash treatment groups: normal saline, 2.5% sodium bicarbonate made with 125 ml 5% sodium bicarbonate and 125 ml normal saline, or 1% nystatin in 250 ml normal saline (250 x 10 4 U/tablet; Shanghai Sine Pharmaceutical Co., Ltd). Each mouthwash was made fresh daily. The mouthwash was administered from the day of admission to the day of discharge. Each patient gargled with mouthwash after each meal and at bedtime for at least three times daily and at least 15 minutes each time. When a patient developed an oral or pulmonary fungal infection, other mouthwash was introduced, based on the advice of his or her physician.
The patients were evaluated based on the incidence of IPFI, the strain of fungi, the incidence of oral fungal infection, and the incidence of intestinal fungal infection. While the patients were hospitalized, samples were collected by specialized nurses from the throat and sputum (for patients with expectoration) at least three times, with the collections occurring before mouth was administered on the day of admission, on day 8, and on the day before discharge. Sputum samples were collected early in the morning, before the patients ate or drank. To produce a sample of sputum, patients were asked to breathe deeply, and then to cough deeply. The first sputum sample was discarded, and the second sample was collected for fungal culture. Since patients with hematological malignancies are immunocompromised, fibrobronchoscopy is not appropriate for obtaining sputum samples.
Patients who developed a fever had blood collected for fungal culture, and patients who developed diarrhea had feces collected for fungal culture. Fungi were cultured from these samples, and the frequency of fungal culture was increased when necessary.
Statistical analysis. Demographic and basic characteristics of three treatment groups were compared by the chi-square test and by Fisher's exact test for categorical variables. The data are presented as number (n) or percentage (%). Because normality could not be assumed for hospitalization, it is presented as a median with interquartile range according to the Kruskal-Wallis test. All statistical assessments were two-sided and evaluated as significant when P < 0.05. Statistical analyses were performed with SPSS version 15.0 software (SPSS Inc., Chicago, IL, USA).
Results
Fungi detection. All our study patients were confirmed as having IPFI, based on clinical symptoms and culture (all > 100 cfu). When fungal strains were identified (Table 1) and their genes were sequenced (Table 2) , 96.7% (29/30) of the fungi from the throats and lungs of the IPFI patients with hematologic malignancies had identical 26S rDNA ITS sequences. Thus, the fungi that resulted in throat infections were the same as those leading to pulmonary infections in the same patients. Among these 29 patients, eight different strains of Candida albicans were found in 25 patients, while the four remaining patients were infected with Candida krusei, Candida glabrata, Candida tropicalis, or Candida portugal. Additionally, one patient had Candida albicans identified in samples from both the throat and feces, though Aspergillus flavus with identical 26S rDNA ITS sequences were found in the sputum and nasal secretions samples.
When fungal samples from the throat and digestive tracts of IPFI patients with hematologic malignancies were compared, 84.6% (11/13) had identical 26S rDNA ITS sequences. Also, fungi samples from the lung and digestive tracts had identical 26S rDNA ITS sequences in 76.9% (10/13) of samples. Figure 1 shows the sequencing chromatograms from the 8 strains of Candida albicans. All the DNA products were from isolated, single clones and PCR fragments were sequenced directly, with no additional cloning steps. Prospective clinical trial. A total of 158 patients, enrolled between January 1, 2010 and December 31, 2010, were randomly assigned into three groups (Table 3) , which were treated with normal saline (n = 47), 2.5% sodium bicarbonate (n= 49), or 1% nystatin (n = 62). The enrolled patients included 109 men and 49 women, who had a mean age of 43.3 ± 16.9 years (range: 16-84 years). Among these patients, 102 had acute leukemia, 6 had chronic leukemia, 26 had lymphoma, 15 had multiple myeloma, and 9 had myelodysplastic syndrome. The three groups did not have significant differences in age, gender, type of hematological malignancy, complication, or duration of hospitalization (P > 0.05).
The three mouthwash treatments had significant differences in their incidences of IPFI and fungal enteritis (P < 0.05). The patients using the nystatin mouthwash had lower incidences of IPFI (1.6%), enteritis (1.6%), and oral fungal infections (none) than the normal saline (27.7%, 12.8%, and 4.3%, respectively) or sodium bicarbonate solution (16.3%, 14.3%, and 2.0%, respectively) mouthwash groups (Table 4) . However, the normal saline and sodium bicarbonate groups had similar incidences of fungal infections. The oral fungal infection incidences did not have significant differences between the three treatment groups. Only one patient in the nystatin group was positive for a fungus (Aspergillus) in the sputum. Among the patients receiving the normal saline mouthwash, 13 were diagnosed with IPFI, and 9 of the patients were clinically diagnosed with IPFI. Of these 9, 7 were positive for Candida albicans and 2 for Candida tropicalis, while 4 had suspected IPFI. Among the patients receiving the sodium bicarbonate mouthwash, 8 were diagnosed with IPFI. Of these 8, one was positive for Candida glabrata in the blood, 3 were positive for Candida albicans, 2 were positive for Aspergillus, and 2 had suspected IPFI.
Discussion
Our study first applied PCR to amplify the 26S rDNA ITS sequences, and found that 96.7% of the fungi isolated from the throats and lungs of patients with hematological malignancies with IPFI were identical, along with 76.9% of fungi from the lungs and digestive tracts and 84.6% of the fungi from the throat and digestive tract. Patients with hematological malignancies have compromised immune function, which is further impacted by radiotherapy and chemotherapy treatments. Our study patients showed no significant differences in the risk factors for IPFI which we previously identified [6] . It is also important to note that all the hospitalized patients in this study had a similar diet and performed regular brushing with similar toothbrushes. All the patients used a mouth rinse solution after brushing.
The high sequence homologies reported here support the concept that fungi localizing in the mouth may enter the lower respiratory tract and cause infection there. The Candida found in the lungs mainly migrates from the throat, so enhancing oral care may help to prevent pulmonary infection by Candida. The predominance of Candida albicans that we observed agrees with reports that Candida albicans is the most prevalent etiological agent [2] .
We focused on the internal transcribed spacer (ITS) of the rDNA. Comparing rDNA, which is the gene encoding ribosomal RNA, has become an ideal and reliable method to identify pathogen strains [19] , and the ITS region is a non-encoding region of the rDNA that is less affected by environmental factors and rapidly evolves compared with the encoding regions. The two regions of ITS, ITS1 and ITS2, are located between 5.8S rDNA and 26S rDNA and between 5.8S rDNA and 26S rDNA. Because the 26S rDNA has a variation rate of < 1% in the same species and > 1% among different species of yeast [20] [21] [22] , it is not widely used to clinically identify pathogens. However, the ITS sequences are highly conserved among different strains but significantly different among different fungi and characterized by polymorphism in sequence. These properties allow the ITS region to provide rich information on mycology, and make it suitable for identifying strains with close phylogenetic relationships [23, 24] .
The second part of our study compared three mouthwash solutions from patients with hematological malignancies, and found that patients using 1% nystatin mouthwash had a significantly lower incidence of IPFI (1.6%) and fungal enteritis (1.6%) than those using sodium bicarbonate (16.3% and 14.3%) or normal saline (27.7% and 12.8%). All three mouthwash treatments had low incidences of oral fungal infections, ranging from zero to 4.3%. Nystatin, a broad spectrum anti-fungal agent and enhancer of membrane permeability, is efficacious in treating oral fungal infections [15] [16] [17] 25 ], but there is no consensus on the concentration of nystatin. We chose 1% nystatin for our study. Though 0.25% was suggested as the lowest effective concentration for oral fungal infections [26] , on the other side the concentration of 0.25% nystatin has been suggested as too low to achieve therapeutic efficacy [27] , and 0.4% was ineffective [28] . Nystatin is not absorbed after focal administration, and increasing the dose of nystatin does not affect its safety.
Our study has several limitations. We did not investigate the influence of bacterial infection, and we would not suggest mouthwash to prevent bacterial infections in the clinic. Additionally, nystatin mouthwash is not available commercially, and it must be freshly prepared and used within 24 hours, since it lacks stability at room temperature [14] . Further, we did not investigate the combination of nystatin and sodium bicarbonate to prevent IPFI, which should be studied in the future. Since sodium bicarbonate is alkaline, it can increase the oral pH to suppress fungal growth.
Overall, we have determined that most fungi causing IPFI originate in the mouth and throat. When we targeted these fungi with three mouthwash solutions, we found that 1% nystatin significantly reduced the incidence of IPFI and fungal enteritis, more effectively than 2.5% sodium bicarbonate or normal saline. Though some antifungal agents, including itraconazole and fluconazole, are approved to prevent IPFI [1, 28, 29] , their inevitable side effects, drug interactions, and high costs significantly limit the wide application of these drugs [7] [8] [9] [10] . Nystatin mouthwash may provide an important alternative for use in the clinic to prevent IPFI in a timely manner.
